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The material-based studies examine through computation and physical
prototyping layered composites for thermal responsive building envelopes. Focus
is placed on surveying and computing a large series of materials across four
groups, for then to test these materials from factors of solar energy reception
capacities, internal heating methods, heat isolation coatings and layer bonding.
An oak-polyethylene structure is developed based on the first studies and further
tested towards implementation as part of an adaptive envelope demonstrator, with
these studies focused on fabrication and assembly methods. Results of the
developed, tested and applied composite as part of an adaptive envelope shows
that the environmental-material composite is strongly influenced by colour and
direct solar radiation exposure. This in turn allow a material-fabrication
approach to program a responsive system driven by exergy. Reinforcing the
responsive reaction of the composite by internal heating does not advance the
performance, as coatings are needed to maintain the heat inside the material,
which adds weight and isolate the composite from the thermal environment that
otherwise is intended to provide the energy for driving the responsive behaviour.
Please write your abstract here by clicking this paragraph.
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INTRODUCTION
This work and paper are focused on how materials
can be combined into thermal responsive compos-
ites. Through the focus on material properties, as-
sembly processes and thermal energy distribution in
the composites, the study contributes to new un-
derstanding of the thermal reactive performance of
layered materials. In this way, the work is intended
as foundational research for intrinsic responsive and
adaptive architectural surfaces, which are driven by
material-environmental properties and interactions,
in contrast to extrinsic mechanically actuated sys-
tems.
Previous research on material based responsive
systems can be seen by thermodynamic (Foged and
Pasold, 2015, 2016) and hydrodynamic (Correa et al
2013, Reichert et al, 2015, Raviv et al, 2014) stud-
ies, where both direct (material as actuator and en-
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vironmental element) and indirect (material as actu-
ator of an environmental element) actuation is stud-
ied. For layeredmaterial responsive actuation, based
on material differences in thermal expansion, stud-
ies (Foged and Pasold, 2010, 2015, 2016) have been
conducted, and in industrial products the use of bi-
metals is developed and used (Kanthal, 2008) as an
actuator, typically used as triggers for an intended
temperature indication, such as a boiling point.
The background on potential solutions of this
work is a data collection surveying of a large set
of materials to understand through computed com-
binatorial analysis the material responsive perfor-
mance of a multitude of resultant composites. Addi-
tionally, increased understanding of connectivity be-
tween layers is important to utilise the composite’s
responsive properties. Bonding studies with differ-
ent adhesives ofmaterial layers and internal/external
heat activation of layers are studied to understand
both fabrication constraints and environmental and
system activation of thermal-based responsive com-
posites.
The paper presents firstly the survey and com-
puted combinatorial analysis of approximately 200
materials, across 4 material groups. Following
the categorization and understanding of materials
through computed models, ten materials are se-
lected for physical prototyping studies, where com-
posites are fabricated to investigate the physical
bending when exposed to actuation under gravity
and thermal gradients. Additionally, the paper illus-
trates how a selected composite can be applied in an
auxiliary adaptive envelope and installed as an on-
site full-scale demonstrator. This effort points to the
potentials of combining material-environmental re-
sponsive structures withmechanical-microprocessor
drivenmechanisms for coupled response properties.
Lastly, a discussion of the material studies, their rele-
vant integration as architectural responsive surfaces
and future outlook is presented.
METHODS
The study uses a hybrid approach of material survey-
ing, categorization, combinatorial analysis and phys-
ical prototyping. Each method is a stepwise delin-
eation and filter the research of responsive perfor-
mance based on composition of material layers.
Material surveying
Material surveying is done via online portals and,
most notably, theMaterial Connexion Library in com-
bination with Granta’s CES Edupack. Two princi-
pal values are extracted, namely the thermal expan-
sion coefficient, alpha, (10-6 m/(m K)), determining
the amount of expansion in relation to temperature
change, and Young’s Modulus, E, (GPa), determin-
ing the elasticity of a material. 193 materials are
listed acrosswood species, plastics,metals and (other
than wood) organic materials. Additional informa-
tion is gathered for availability/rarity, sub-types of
colours, densities et cetera. A similar survey is made
of bonding materials, including acrylics, adhesive,
liquid sealants, lockers and structural glues are in-
cluded. The primary parameter assessed is the shear
modulus, G, (N/mm2), as the shear force between lay-
ers may lead to delamination during asymmetric ex-
pansion of the composite layers.
Combinatorial Analysis Studies
Based on an ordered table of materials and their spe-
cific properties, a computed combinatorial analysis
is made in MS Excel, computing all possible pair-
layering combinations of the materials, resulting in
bending properties, deflection from a plane (mm)
and a graph representation, which visualise the re-
sultant bending of the specific composite, figure 1.
This is done by using the industry formula (Kanthal,
2008) for bi-metals, where in this case, geometric and
temperature variables are constant, hence, the rela-
tive performance of material composites measured
against each other.

























Ten materials are chosen for physical prototyping
studies, including Oak, Walnut, Pine, Polypropylene
(PP), Polyethylene (PE), Polyvinylchloride (PVC), Cop-
per, Aluminium, Bronze and Styrofoam. The materi-
als are then combined to study the adhesive proper-
ties between low and high energy surfaces, their re-
sponse to heat change and how heat can be induced
between layers to increase responsive performance
beyond the temperature change created by micro-
climatic changes in proximity to the composites, as
studied previously. A part of these studies are ma-
terials placed in the sun to measure the change of
surface temperature as a result of solar radiation and
material properties, which effectively drives the ge-
ometric responsive changes. This study gives an in-
dication of the relative energy build-up in respect to
material surface characteristics. As the study is aimed
for potential applications in both indoor and outdoor
environments, measurements were conducted out-
side to understand the minimum relative difference
between materials, due to the added cooling effect
of the materials from air movement. The study was
conducted on a flat horizontal roof, with isolation be-
tweenmaterials and the roof surface, in Copenhagen
on 25May, with a semi-cloudy sky, ambient tempera-
ture of 21 degrees Celsius and wind velocity of 4m/s,
figure 2.
In another sub-study the bonding of materials
into composites are examined, through the testing
of five different bonding groups, with variations in
tapes with core, tapes without core and primers. Ad-
ditionally, five different approaches to inducing heat
between layers are tested, including heated copper
mesh (0.5mm), aluminium mesh (0.5mm), copper
wire (1 mm), aluminium wire (1 mm), kanthal wire (1
mm) and heat tubing (3 mm). The internalised heat
source is controlledbyamicroprocessor (MCU) setup,
which enable coupling to sensor information. Thus,
potentially allowing linking of environmental sensor
data, via an MCU with embedding decision taking,
to the actuation of the composite by inducing heat
through the wire, creating a full ‘system feedback’
responsive system setup. Following these studies,
extended tests to increase the impact of controlled
heating by mesh/wire/tube, experiments with wrap-
ping the composites were done. These studies in-
clude cotton, wool and cotton/aluminium, wool/a-
luminium covers, where the temperature build-up is
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DESIGN EXPERIMENTATION
The experimentation with designing and making
composites has been based on a project of creat-
ing a full scale 3x10 metre adaptive auxiliary build-
ing envelope. The focus of this paper, on thematerial
studies for intrinsic driven responsive membranes,
has been conducted in parallel to developments of a
sensor-processing-actuation systemandbehavioural
studies of the membrane-space-occupancy interac-
tions. Due to the extent of the material studies and
other aspects of the entire project, a full account
of other aspects than the material studies are to be
found in associated paper publications. Following
the focus of thematerial studies in this paper, the ex-
perimentations described above where expanded to
investigate cutting methods for the layer-assembled
membranes. A series of material prototyping stud-
ies, as described above, revealed a high responsive
bending performance and operational durability of
the thin membrane (1.5 mm) when combining Oak
(0.5 mm) and PE (1mm). Oak has low thermal expan-
sion parallel to the grain and PE has a high thermal
expansion, as an isotropic material, in all directions.
Combining materials with low and high energy sur-
faces require priming (3M Primer 94) the low energy
surface to allow adhesion to the high energy surface
through a non-core high bond adhesive ‘tape’ (3M
VHB LSE.
The dimensions of the membrane responsive
panels were developed through simulating the
amount of solar energy passing through the com-
posite membrane as a function of temperature vari-
ations, described and documented in the associated
publication. The design experimentation of the ma-
terial studies is then followed by investigating meth-
ods for cutting the generated membrane shapes,
whichultimately becomes thematerial responsive el-
ements of the envelope. For these studies, a Zund
Eurolaser XL-1600 flatbed industrial machine is used
with three different tool heads; a laser, a vertical oscil-
lating knife, and, a 1-2 mmwide mill head. While the
laser cuts through the composite (oak-glue-primer-
PE), it melts the PE, which then ‘travels’ towards
the oak layer and creates edges and surface on the
oak with unintended plastic coating. Using a knife
methodallows clean cuts, particularly along thegrain
of the oak, but fails to create a small gap, which is re-
quired when the composite attempts to bend out of
its plane during thermal changes. Without the gap,
friction is caused, reducing or prohibiting the bend-
ing action. Using a 1 mm drill head creates both a
clean, non-melted and friction less result. Only draw-
back with this method is the accumulated PE on the
drill head, due to heated material, which may cause
reduced cutting ability, leading to mill head frac-
ture, figure 5. In addition, the application of a bond-
ing adhesive without a core material, only including
bondingmaterialwhen rolledon, reduces fabrication
problems, as only a minimum of material interfacing
between the primary material layers are applied, fig-
ure 4.
Following the making of the composite panel,
pattern cutting and integration into the mounting
frames, onsite studieswere conducted tounderstand
and demonstrate the responsive performance of an
exergy-based geometric bending of composite ele-
ments. The envelope panels are located on the in-
side of a glass pane, facing south-east, in a dense ur-
ban environment in Copenhagen. This means that
the composites are effected by solar radiation on lim-
ited and specific hours of the day, that they are not
cooled by air movement, and that they are embed-
ded into an interior environmentwhich ambient air is
automatically kept at approximately 22 degrees Cel-
sius from HVAC systems control. This means that the
bending performance of themembrane is isolated to
the solar radiation in relatively short and specifiedpe-
riods allowing a good reading of the solar radiation
to material performance relations. As shown by the
colouration/temperature studies above, dark materi-
als have a significantly higher surface temperature,
which increase response performance per degrees
Celsius change. Hence, a black PE was used with the
oak to form the primary material layers of the com-
posite for the onsite demonstrator studies, figure 5,
6, 7 and 8.









































mins of direct solar
radiation exposure.
Figure 7

























The studies include a series of quantitative and qual-
itative results and conclusions.
• When solar radiation is the driver for actu-
ation, colouration has a large impact on re-
sponsive performance. Comparative analysis
measuring a range ofmaterials show this, and
measurements on the demonstrator support
this, with the black PE side reaching 57 de-
grees Celsius, compared to the ambient tem-
perature of 22 degrees Celsius. The specific
degreeof colour impactonperformance isde-
termined by the composite primary materi-
als, the bonding structure, the geometric rela-
tions of size and thickness and the onsite ex-
plicit exposure to the solar energy.
• Coating the composites to increase thermal
build-up by internal heating, significantly/-
completely reduces the ability to drive the
actuation through the solar radiation as an
exergy-based strategy. In addition, the coat-
ing adds weight to the active composite,
which decrease response performance due to
the extra load needed to be moved by the
active composite. Hence, a coating/isolation
approach to the responsive system must be
taken when developing composites for the
specific purpose.
• The composites developed hold some resis-
tance to composite response behaviour fa-
tigue. More than 150 days after fabrication,
the composites are changing bending form
and no delamination has been detected of
the +400 bending elements. While the com-
posites have not been tested in a climate
laboratory where temperature constantly is
changed up and down under regulated con-
ditions, the composites have been placed in
windows where they have been exposed to
environmental conditions similar to possible
applications in practice.
• The responsive operation of the composite is
silent. This is favourable in spaces where en-
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vironmental sound levels are low, such as of-
fices, study environments etc. Combinedwith
the subtle and relative slow moment of the
elements, the responsive membrane is per-
ceived as a low-invasive active building layer.
• Given that the membrane is driven by solar
environmental dynamics, it is limited to per-
formance that are encoded into the mem-
brane from its fabrication. Hence, such sys-
tems are not open to reprogramming of be-
haviour, which suggest the possibility of cou-
pling tohumanandmotorised systems,which
may react to unforeseen or new conditions in
a specific environment.
DISCUSSION
The presented studies contribute to the understand-
ing and application of material driven responsive
performance membranes, through a large mate-
rial study and resultant catalogue of composite be-
haviours. It also illustrates how these can be bonded
and cut into specified membranes reacting from
thermal changes in an environment. The study also
finds that additional activation of the responsive ca-
pacities through inducing heat between layers and
insulating the composite to improve and maintain
heat build-up are problematic. This is also due to
the wire reducing bonding between layers, resisting
bending (depending on wire layout). Further stud-
ies into internal heating and regulating of stimuli for
responsive behaviour may however change the in-
strumentality of the responsive material system into
a more open and adaptive operated system based
on unknown conditions when the envelope is fab-
ricated. Hence, this may be an option for control-
ling bending through an MCU with embedded be-
haviour controls, yet, enhancements of this approach
through insulation of the composites alsomeans iso-
lation from the thermal microclimatic environment
which activate responsive behaviour without apply-
ing electrical energy. For this reason, the study
points to coupled, or hybrid, systems, where intrin-
sic material-driven response behaviour is pairedwith
another response system, such as proposed in the
general project, allowing material-driven and MCU-
driven systems to operate in combination without
limiting the capacities of each their specific strengths
as environmental adaptive mechanisms for architec-
tural envelopes.
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